• Evaluate the influence of Venturi and straight tube air inlet distributors using CFD • Straight tube distributor presented lower pressure drop • Venturi distributor showed higher stability • Venturi distributor showed more homogenous and uniform air distribution at the bed entrance
However, the spouted bed presents limitations in terms of scale-up [1, 9] , and its stability depends on its geometry [10] [11] [12] , including the design of the inlet air distributor, as well as the properties of the fluid and solid phases [13] [14] [15] . There have been a number of experimental investigations of spouted bed systems. Olazar et al. [16] evaluated the influence of inlet air distributor geometry on the stability of a spouted bed. Olazar et al. [17] tested the effects of different solids and fluid distributor geometries. San Jose et al. [18] studied the influence of different geometries (cone angle and inlet diameter) and stagnant bed heights on the local bed voidage. Salam and Bhattacharya [19] investigated the effects of the central jet and circular slit fluid distributor in a hydrodynamic spouted bed. Perazzini et al. [20] investigated the drying of skimmed milk in spouted beds over inert particles, for conical bases with three cone angles (45, 60 and 75°) and two types of inlet air distributor (Venturi and straight tube).
Several works have reported the influence of geometric parameters on spouted bed stability, but there are still gaps in the knowledge about these effects in fluid and solid phase flows. Studies using experimental techniques can present difficulties such as high costs of the equipment and flow disturbance caused by intrusive measurements. Therefore, computational fluid dynamics (CFD) can contribute to the understanding of transfer phenomena in multiphase flows and to the development of equipment, enabling a wide range of information in less time and at lower cost.
The approaches used in multiphase flow simulations are Euler-Euler and Euler-Lagrange, where the solid phase is assumed to be either fluid (two-fluid model) or particle (fluid-particle model), respectively. The Euler-Euler approach is much more feasible for applications involving complex multiphase flows, due to the lower computational cost and the level of information generated. Hence, this model has been widely used. Employing the Euler-Euler approach, Béttega et al. [9] evaluated the scale-up of spouted beds. Wang et al. [21] studied the gas-solid flow behavior in spouted-fluid beds. Hosseini et al. [22] simulated the hydrodynamics of spouted beds with different conical base angles. Several works have used this method to evaluate the effects of draft tubes on operating conditions in spouted beds [23] [24] [25] [26] .
Recently, Liu et al. [27] used CFD to evaluate the effects of inlet air distributors in spouted beds. The authors adopted a 3-D Euler-Euler model to simulate the hydrodynamics in spouted beds with single-nozzle, multi-nozzle and swirl flow design inlets, using different gas velocities. It was found that the swirl flow inlet was better than any other gas inlet for obtaining a more uniform fluidization, with dispersion of the gas acting to increase the efficiency of gas-particle contact, especially at the bottom of the spouted bed. However, only the solids volume fraction was evaluated. Therefore, there remain gaps in the knowledge concerning the effects of the inlet air distributor geometry on the air and solids velocities, as well as the energy consumption related to the pressure drop.
The objective of this work was to use CFD to evaluate the effects of Venturi and straight tube inlet air distributors, as well as the effects of the static bed height, on the fluid and solid phase dynamics of a conical spouted bed operating with sorghum seeds (Sorghum bicolor (L.) Moench). The simulations were performed with FLUENT ® 14.0 software, using the two-dimensional Euler-Euler approach. In order to evaluate the fluid dynamics model, the simulated pressure drop results were compared with data obtained experimentally.
METHODOLOGY Experimental procedure
The spouted bed consisted of a cylindrical stainless-steel column, 90 cm high and 30 cm in diameter, with a conical base of 60° and 23 cm of height. The experimental unit included a Venturi air distributor. Details of the experimental setup and procedure can be found in Brito et al. [8] . The fluid dynamics experiments employed 1 kg (H 0 = 0.110 m) and 2 kg (H 0 = = 0.150 m) of previously dried sorghum seeds. The tests were performed following the procedure proposed by Mathur and Epstein [28] .
Mathematical modeling and numerical solution
An Euler-Euler approach was adopted, considering the phases to be continuous and interpenetrating, with the conservation equations being solved for each phase of the system. The mathematical modeling of the multiphase flow is shown in Figure 1 . Further details can be found in a previous publication by Béttega et al. [29] .
The simulations were conducted using two inlet air distributors: Venturi and straight tube. The Venturi air distributor consisted of a convergent cone, a cylindrical tube, and a divergent cone. The straight tube air distributor consisted of a cylindrical tube. The dimensions of the two air distributors are shown in Figure 2 .
Computational mesh
The geometry and computational mesh were generated using Gambit 2.4.6 software, considering axis symmetry relative to the z-axis. Tests were performed to identify the best mesh configuration. Five meshes with different node spacings were constructed for each inlet air distributor, with determination of the solid phase velocity and pressure drop resulting from each one. The best two-dimensional mesh consisted of quadrilateral cells, with 0.0025 m spacing between the nodes in the conical and inlet air distributor regions. In the cylindrical region, the cells were constructed using an increasing scale, with node spacings of 0.0025 m at the start of the cylindrical section and 0.01 m at the exit. This procedure generated a mesh with 10,751 cells for the Venturi air distributor and 10,632 cells for the straight tube air distributor. Figure 2 shows the geometry of the equipment and the computational mesh. 
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The fluid phase velocity was defined as constant values at the inlet boundary of the system. Table 1 shows the values used for each inlet air distributor. These values were calculated at the equipment entrance, using the same air flow rate for both air distributors. At the outlet, the velocity gradient of both phases along the axial direction was considered zero, with adoption of the no-slip condition for both phases at the walls. Constant values were adopted for the physical properties of the solid and fluid phases. The solid phase diameter was determined as described by Mohsenin [34] . The volume fraction and specific mass of the solid phase were obtained as described by the Association of Official Analytical Chemists [35] . The physical parameters of the fluid and solid phases adopted in the simulations are shown in Table 2 .
Numerical solution
The simulations were performed using FLUENT 14.0 software. Pressure-velocity coupling was achieved using the SIMPLE algorithm. A second order upwind scheme was used for discretization of the momentum equations. The volume fraction and turbulence equations were discretized using a first order upwind scheme. The convergence criterion adopted for all the variables was 1×10 -4 . The system of equations was solved for the transient regime, using integration steps of 1×10 -4 s. The system was considered to be in the steady state after 8 s real time. The relaxation parameters for the momentum and volumetric fraction equations were kept at 0.7 and 0.5, respectively. [36] studied conical and conical-cylindrical spouted beds operating with glass beads and soybean seeds. The greatest deviations between the experimental and simulated pressure drop results were found when the air velocity was not sufficiently high to form the empty cavity. Consequently, there were more intense pressure drop oscillations, causing higher deviations.
The curves obtained experimentally (Figure 3a  and b) presented the typical spouted bed behavior described by Mathur and Epstein [28] , while the simulated data showed greater agreement with the experimental data for decreasing air flow rates. This could have been due to the fact that for decreasing experimental air flow rates, the system presented greater stability and the effect of packing was less accentuated.
The mathematical modeling employed for the simulation did not account for the effect of static packing on the solid dynamics, which results in the maximum pressure drop reached by the system and consequently the hysteresis effect. Therefore, the simulated results were evaluated by comparing them with the decreasing flow experimental data. It was also found that simulations with increasing or decreasing flows resulted in the same behavior for characteristic curves. The trends obtained for the stable pressure drop indicated that the model and the numerical procedure were able to represent the momentum transfer between the phases and the consequent pressure drop, for spouted beds with different air flow rates. Figure 3c shows the simulated pressure drop data as a function of the air flow rate, for H 0 of 0.110 and 0.150 m, using the Venturi air distributor. The pressure drop increased with the static bed height, which could be attributed to the greater amount of material in the static bed and, consequently, increased flow resistance of the solid phase. In addition, a greater amount of energy would be required to rupture the solids bed and form the spout channel. Barrozo et al. [37] , Brito et al. [8] , and Sari et al. [11] reported similar behavior for spouted beds operating with glass beads, sorghum seeds, and zirconia, respectively.
The pressure drop decreased with the increase of the air flow rate (Figure 3c ). This reduction was related to the expansion of the bed. As the internal spout became more extended in relation to the packed bed of solids, drag of the solids in the central region led to bed expansion. Therefore, a small increase in the air flow rate led to a decrease of the solids volume fraction in the spout channel, so the flow resistance of the solid phase decreased. 
Comparison of Venturi and straight tube inlet air distributors
It should be noted that the same air flow rates were used for both air distributors, as shown in Table  1 . As the air distributors had different inlet areas, the inlet air velocities were also different. These oscillations could have been due to vena contracta formation in the cylindrical air inlet distributor, with filling and closing of the tube resulting in a total jet and the creation of oscillatory pulses. Figure 6a and b shows the radial solid phase velocity at different axial positions (z) of the bed, corresponding to the region between the start of the conical region (z = 0 m) and the static bed height used (z = 0.150 m). Similar profiles were found for both air distributors. For all the axial positions, the solid phase velocity in the spout channel showed ascending trends, reflecting the drag of the solid phase in this region. In the radial direction, the velocity decreased with distance from the spout region, and a slightly parabolic profile was observed in the annular region. In the case of the Venturi distributor, higher solid phase velocities were found in the initial positions (0-0.09 m), compared to the velocities observed for the straight tube distributor. However, the opposite behavior occurred for the 0.12 and 0.15 m positions, which could be attributed to the behavior of The air velocity decreased along the spout channel, due to distribution of air to the annular region and increase of the cross-sectional area. For the straight tube distributor, there were oscillations in the spout channel, which were probably associated with the instabilities observed when using this air distributor.
The velocity distributions in the two inlet air distributors were evaluated using the air velocity vectors obtained for an air flow rate of 1.20 m 3 /min ( Figure 7) . The air velocity vectors showed that for the Venturi air distributor, the air was evenly distributed at the bed entrance, while a central jet was formed when the straight tube air distributor was used. It could also be observed that the distribution of air to the annular region was more pronounced for the Venturi air distributor.
When the Venturi air distributor was used, the system was stable for all the air flow rates tested, as shown by the solids volume fraction (Figure 4b ). In the case of the straight tube air distributor, instabilities were observed for air flow rates of 1.00 and 1.20 m 3 /min ( Figure 5 ). These instabilities could also be seen in the fluid velocity profiles (Figure 8b ). For the Venturi air distributor (Figure 7a ), the air flow rate was directed to the central region and to the sides of the conical bed base, so a higher air flow rate was required to ensure movement of the solid phase. In contrast, the straight tube air distributor (Figure 7b ) directed the air flow to the center of the bed, facilitating rupture of the solids bed and formation of the spout channel. Consequently, the stable regime was obtained at a lower air flow rate and instabilities occurred at higher flow rates. Figure 9 shows the simulated pressure drop, as a function of the air flow rate, for the spouted bed operating with the two types of inlet air distributor. The simulated pressure drop results indicated that the type of air distributor influenced the fluid dynamics behavior of the spouted bed, since the Venturi air distributor showed a higher static pressure drop (15.17 to 48.35%), compared to the straight tube air distributor. This could be explained by the area reduction between the convergent cone and the cylindrical tube, which caused a greater pressure drop, together with the air distribution, since there was a lateral distribution of air at the bed entrance, as discussed above.
The influence of the air distributor and the height of the static bed on the fountain geometry was investigated for both air distributors, using an air flow rate of 0.80 m³/min, which provided a stable regime for H 0 of 0.110 and 0.150 m. Table 3 provides the fountain heights for both static bed heights and the two inlet air distributors. Considering that the same air flow rate was used for both static bed heights, increasing the solids mass increased the flow resistance. Hence, for greater static bed, the solids reached lower heights due to their lower velocity at the outlet of the spout channel, resulting in a smaller fountain size. The fountain height was greater for the straight tube air distributor, due to the pulses that ejected particles vertically at higher velocities. The results demonstrated that the pressure drop was higher for the Venturi air distributor, compared to the straight tube air distributor, resulting in higher energy consumption for operation of the former in the spout regime. However, the Venturi air distributor provided greater stability in the spouted bed.
CONCLUSIONS
The stable static pressure data obtained using CFD simulations were in agreement with the experimental results. The solids flows obtained in the simulations followed the pattern expected for the spouted bed regime, with the static bed height influencing the stability of the system. The use of CFD enabled evaluation of the effects of the Venturi and straight tube distributors on the fluid dynamics, resulting from the geometries of the devices and the way that the air was distributed. The straight tube distributor presented a lower pressure drop, due to the formation of a central air jet that facilitated rupture of the solids bed. However, the Venturi distributor provided higher stability and a homogenous distribution of air at the bed entrance, because the air flow was directed to the central region as well as the sides of the conical base. Therefore, the Venturi distributor should be recommended for systems that require greater uniformity at the bed entrance. Numerical solutions and mathematical modeling were successfully used to describe the fluid and solids dynamics of a conical spouted bed operating with sorghum seeds. CFD simulation was shown to be a useful tool for the study of spouted beds. 
